This study investigates the control quality of an electric cam phaser system. The impact of different sensor concepts, synchronization algorithms, controller and hardware topologies on the control quality is examined by using a transient simulation covering the electric cam phaser, valve train, mechanical transmission and a wide variety of cam-and crankshaft trigger wheels. Limited angular accuracy effects are simulated by realistic sensor models and the processing of sensor signals by a real-time capable synchronization algorithm. Nonlinear friction in transmission and valve train are considered by the simulation accordingly. Furthermore, the effects of distributed controller algorithms based on conventional electronic control units are evaluated. Communication latencies have a strong impact on the control plant and are taken into account during controller definition. The effects of different layouts are compared in the time domain, and a sensitivity analysis is carried out to evaluate the effects of different parameters on the cam phasing control quality. The control quality is measured in terms of overshoot, phasing duration and energy consumption of a phasing event. Using a sensor fusion for the current cam phasing angle and an integrated controller layout -that is, an architecture without any communication delay -improves the controllability and reduces overshooting, phasing duration and electrical energy consumption under transient conditions.
Introduction
In the last two decades, variable cam phasing with hydraulic actuators has become state-of-the-art for gasoline engines and is commonly used in all vehicle classes. 1, 2 As hydraulic cam phasers depend on engine oil pressure, which varies with temperature and speed, they show limited performance at low engine speeds or at high engine temperatures. Today, electrification allows a new generation of cam phasers with increased control accuracy and improved combustion engine efficiency. [3] [4] [5] Electric cam phasers are independent of oil pressure and therefore able to perform phase shifts during or even before engine ignition, which can be used to greatly reduce emissions during engine start. 6 Furthermore electric cam phasers show a consistent operating performance over a wide temperature range. 2, 7 In addition, they offer greater phasing rates than hydraulic cam phasers and enable phasing ranges larger than 120°CA, which might be required for hybrid combustion processes in gasoline engines such as controlled auto-ignition with exhaust gas recirculation. 4 Production designs employ an electric machine, especially brushless DC electric motors or permanent magnet synchronous motors, connected to a strain wave gearing. [8] [9] [10] [11] [12] The camshaft and crankshaft sprocket are connected to the remaining two shafts. In steady-state operation (no camshaft phasing), the electric motor is controlled to rotate at half of the engine speed. A phasing event consists of a brief acceleration followed by a brief deceleration of the electric motor (or vice versa). Depending on the sign of the transmission ratio of the strain wave gearing, the camshaft is retarded or advanced with respect to the crankshaft sprocket. Usually gears with high absolute transmission ratios are employed in order to reduce the actuation torque and to suppress alternating torques coming from the valve train on the electric motor side.
State-of-the-art hydraulic cam phasers are actuated by an oil control valve, which controls the flow of oil to advance, to retard or to hold the camshaft position. The engine control unit (ECU) calculates the phase angle between the crankshaft and camshaft (synchronization task) and generates a pulse-width modulation (PWM) signal for control valve actuation in order to follow a certain set phase. Hence, synchronization and control are running in a single unit. The phase angle is determined based on the signals of two Hall sensors placed upon a 60-2 crankshaft trigger wheel and a camshaft trigger wheel with a comparatively low teeth number, respectively.
Compared to this technology, electric cam phasers have an integrated control unit (electric motor controller (EMC)) and may feature an additional rotor position sensor for electric motor control. This allows two additional degrees of freedom. On the one hand, the additional sensor can be used to increase the poor phase angle resolution provided by the camshaft trigger wheel/Hall sensor combination, especially at low engine speeds. On the other hand, the synchronization task can be shifted from the ECU to the EMC itself. In this case, the ECU only transmits the set phase to the EMC and the actual phase between the crank-and camshaft is calculated in the EMC. If the synchronization task is located in the ECU, the actual phase has to be transmitted to the EMC resulting in a delayed actual phase at the EMC side due to communication delays, which might influence the control performance.
Evaluation of the influence of sensor combinations, communication delays and other parameter variations on the control performance can be performed on real hardware, however with increasing effort with respect to development time and costs. This paper presents a simulation model of the electric camshaft phasing system to evaluate the influence of parameter variations, sensor concepts and communication delays on the control performance. Apart from the involved mechanical and electrical components, real trigger wheel and Hall sensor combinations are modeled followed by a realistic synchronization concept. Furthermore, the simulation model covers the possibility of including the electric motor resolver in the phase calculation and to perform the synchronization task either in the ECU or EMC. The models of the mechanical, electrical and sensor components are parametrized based on real hardware measurements and data sheets. Based on the simulation model, the influence of different camshaft trigger wheels, the usage of an additional rotor position sensor at the electric motor side, and the influence of locating the synchronization task either in the engine control unit or the electric motor controller are analyzed in this paper.
The paper is structured as follows: first, the simulation model is derived including the models of the main components crankshaft, camshaft and valve train, transmission, electric motor, crankshaft sensor and camshaft sensor. Then a cam-/crankshaft synchronization and a sensor fusion algorithm considering the electric motor resolver signal are presented. Furthermore, a vector cascaded control is described. Finally an evaluation of the simulation results is given, followed by the concluding chapter.
Physical model description
The physical part of the Simulink model is composed of seven main submodels. All models are signal oriented and have no stiffness or contact ports. Therefore, all forces and torques are gathered in a solver submodel. This submodel calculates the rotational variables of the rotor of the electric motor, that is, angle, angular velocity and angular acceleration, and allocates the variables to the other submodels. A schematic overview of the entire model is given in Figure 1 . The crankshaft is designed as a motion source and stimulates the whole system. The crankshaft, camshaft and electric motor model are connected via a strain wave gearing model (transmission model). The solver model and the crankshaft model forward their rotational quantities to the transmission model, which computes the rotational quantities of the camshaft. The camshaft and valve train react with a counter torque, which is fed back to the transmission model. The transmission model superimposes a friction torque to the counter torque and transforms the resulting torque to the electric motor side in order to feed the solver model. In addition, the sensor models for the crankshaft and camshaft compute the respective voltage values of the sensor signals. The sensor signals are processed by the synchronization controller, using them as the sole source to determine the rotational quantities of the crank-and camshaft. In addition, the rotor angle of the electric motor can be used to increase the resolution of the camshaft angle. The rotational quantities are used by the electric motor controller in order to control the angle difference between the crank-and camshaft.
Crankshaft model
To keep the model compact, the crankshaft is modeled as a rotational speed source only. It is assumed that torque impulses from the valve train do not affect the rotational speed of the crankshaft, so it can be regarded as having an infinite moment of inertia.
Camshaft model
The camshaft model describes a bucket tappet valve train as a mass-spring-damper system and the camshaft as a rotating mass with additional speed dependent friction. The input torque T cam is composed of the following terms
where J cam is the moment of inertia of the camshaft, T f, bearing the friction torque of the bearing and T VT the torque of the valve train. The friction torque of the bearing is calculated according to the approach by Petroff
13
T f, bearing = 4phr
where h is the dynamic viscosity oil, b B the bearing width, r B the bearing radius and r z the bearing pin radius. The valve train is simulated as a mass-spring-damper system. Let x : 0, 2p ½ Þ!R, f cam 7 !x f cam ð Þ be the lobe of the cam and F N the normal force between massspring-damper system and the cam lobe. It holds that the torque of the valve train acting on the cam lobe is
The normal force is calculated as follows
where m red, VT is the reduced mass, f VT the friction constant of the valve train and k red, VT the reduced spring constant. The derivatives of x with respect to time are
Inserting equation (6) in the inertia term F N, inertia of the normal force from equation (4) leads to
The latter term in equation (7) is the sole contribution to the normal force (4) and the torque of the valve train from equation (3), respectively, which depends on € f cam . Combining equations (4), (5) and (7), and separating the € f cam dependent term, equation (3) can be provided as
Here J dyn, VT :¼ m red, VT Á x 02 can be interpreted as a dynamic moment of inertia which depends on f cam , because x 0 is a function of f cam . Inserting equation (8) in the equation for the total torque of the camshaft (1) leads to
The sum T f, bearing + T Ã VT is calculated in the Simulink camshaft submodel and passed to the transmission model. The € f cam dependent term is treated separately in the solver. 
Transmission model
An efficient strain wave gear model 15 is used to simulate the cam phaser transmission. The transmission has three basic components: a wave generator (inner part), a flexspline (in between), and a circular spline (outer part). The electric motor is connected to the wave generator, the camshaft to the flex spline and the crank drive (sprocket or belt) to the circular spline. The circular spline rotates at half of the crankshaft speed
The angle positions of the rotating components are related as follows
where f EM is the angle position of the rotor of the electric motor connected to the wave generator. In this equation the angles have the same rotational sense. The gear ratio i of the transmission type considered in this simulation model takes a positive value, that is, an advanced electric motor angle with respect to half the crankshaft angle corresponds to a retarded camshaft angle. The three torques at the connection points of the gear are defined in the same sense as the angles except for T cam having the opposite sign. Without friction losses, it holds that
where T EM , T cs and T cam are the torques at the connection to the wave generator, circular spline and flex spline, respectively. Power fed to the strain wave gearing appears as a positive term at the left side of equation (12) . The three torques are related as follows
Combining equations (11), (12) and (13), it follows
A friction model is added to the above according to the second friction model proposed by Tuttle. 15 Friction is modeled as a torque between flex spline and circular spline, T f, gear . The new equation for energy conservation reads
Combining equations (11), (13) and (15), the new relation between T EM and T cam reads as follows
Here T f, gear is modeled as a superposition of a constant term (coulomb friction) and a linear and nonlinear velocity dependent term
where f coulomb , f lin and f nonlin are the friction constants of coulomb friction and linear and nonlinear velocity dependent friction. The sign function sgn Á ð Þ is necessary to obtain a positive contribution of the coulomb friction losses on the right side of equation (15) .
Electric motor, inverter and resolver model
A common compact field-oriented description of a permanent-magnet synchronous motor (PMSM) is given by equations (18)- (20) 16
where c PM is the magnetic flux of the permanent magnet and Z p the number of pole pairs. T i represents the air gap torque and equals the output of the model. The voltages U q=d are the inputs. They are directly controlled with an adjustable dead time introduced by the inverter.
The resolver model models a sin/cos encoder. It also includes an analog-to-digital converter with a fixed resolution and a defined delay time.
Solver
The solver unit calculates the rotational quantities (f EM , _ f EM , € f EM ) of the rotor of the electric motor at discrete time steps. The rotor angle f EM and velocity _ f EM are calculated by integrating € f EM , which is given by
The torque T EM at the connection point between the rotor of the electric motor and the strain wave gearing can be expressed in terms of T cam using equation (16)
The acceleration of the camshaft, € f cam , can be expressed by equation (11) . It follows
Inserting equation (24) in equation (21) and solving for € f EM , leads to
Here € f crank is provided by the crankshaft model (motion source). The other terms on the right side of equation (25) do not depend on second-order time derivatives and are provided by the other submodels every time step.
Crankshaft sensor model
The crankshaft sensor model simulates the properties of a Hall sensor with direction detection applied to a 60-2 trigger wheel, that is, a 60 teeth trigger wheel modified by placing a gap of 2 teeth to form a 58 teeth trigger wheel. The model input is the angle position of the crankshaft; the output is the analog voltage of the sensor.
The sensor signal switches from high to low with a specific slew rate (falling time) when the center of a tooth of the trigger wheel passes the center of the sensor. The signal remains on low for a certain time span, which encodes the rotation direction of the crankshaft. It returns to high with a different, usually lower slew rate (rising time).
In order to obtain a more realistic sensor behavior, the sensor signal does not switch exactly at a certain tooth position, but it switches after a user defined dead time varied by a superimposed stochastic time jitter.
Camshaft sensor model
The camshaft sensor model simulates the properties of a Hall sensor with True Power On (TPO) functionality in combination with a parametrizable trigger wheel described by its geometrical tooth edges. The model input is the angle position of the camshaft; the output is the analog voltage of the sensor.
The sensor signal switches to low or high if the sensitive spot of the sensor is located above a tooth or a gap, respectively. Similar to the crankshaft sensor model, the signal does not switch exactly at the geometrical tooth edges, but after a defined dead time varied by a superimposed stochastic time jitter.
Controller description

Synchronization controller
The synchronization controller processes the analog signals of the crankshaft and camshaft sensors. In an engine application, the controller can be localized either in the control unit of the EMC or in the ECU. In the latter case, there is a communication delay for transmitting the measured crankshaft and camshaft angles from the ECU to the EMC. Influences of such delay times on the control performance are analyzed in the results section. The synchronization controller consists of three main parts.
1. Processing of the crankshaft signal including gap detection and providing an absolute crankshaft angle between 0°and 360°. 2. Determination of the top dead center (gas exchange or ignition) using the sensor level of the camshaft sensor during the crankshaft gap in order to extend the crankshaft angle to 720°. 3. Processing of the camshaft signal using the crankshaft angle as side information to determine the corresponding camshaft angle of the detected camshaft sensor signal flank, knowing that the corresponding camshaft angle has to be in a certain range according to the maximum phasing bounds.
The phasing angle in°CA is defined as the difference between twice the camshaft angle and the crankshaft angle
Moreover, there is the possibility to increase the resolution of the phasing angle using the resolver signal (i.e., the angle position of the rotor of the electric motor) and the crankshaft angle measured by the synchronization controller using the relationship between the angles of the strain wave gearing, see equation (11) . Merging the information of all three angle sensors is called sensor fusion. The electric motor controller either uses the computed phasing angle of the synchronization controller or the phasing angle of the sensor fusion.
Electric motor controller
According to the presented vector model of the PMSM, a vector cascade controller 17 is used in the simulation. An overview of the controller structure is given in Figure 2 . For the inner current controller a PI-controller with pole compensation of the current plant, equations (18) and (19), and a decoupling feedforward controller is designed. The velocity PID-controller is tuned according to its control plant, which can be derived from equation (20) . In addition to the moment of inertia of the electric motor, the moment of inertia of the camshaft transformed to the electric motor side is included during the parametrization of the velocity controller. The third controller directly controls the phase angle and must be parametrized by utilizing the knowledge about the transmission. Furthermore, a possible communication delay time between ECU and EMC is considered in the position and velocity controller parametrization.
Results
Influence of communication delay
Two different controller architectures are analyzed. The first architecture is a central architecture combining the camshaft/crankshaft synchronization algorithm and the control algorithm for the electric motor in a single control unit. The second architecture performs the synchronization and the electric motor control in two different hardware units. In the latter case, there is a communication delay between the synchronization controller and the electric motor controller. The influence of different communication delays on the control performance (overshooting and duration of a phasing event) as well as on the energy consumption will be examined in the following. In both cases, the simulation is performed with a 60-2 crankshaft trigger wheel and a camshaft trigger wheel consisting of three teeth. Figure 3 shows the simulation results in the time domain for a cranking engine. The speed profile of the crankshaft is taken from high-resolution vehicle measurements. When a stable idling speed of 1000 rpm is reached, two phasing events are performed at t = 1:5 s (positive phasing event/advanced camshaft) and t = 5 s (negative phasing event/retarded camshaft). Table 1 shows the respective overshooting, phasing duration and electrical energy consumption.
A communication delay of 1 ms leads to a slightly increased electrical energy consumption of 2.5 J during the positive phasing event without affecting the control accuracy significantly. Increasing the communication delay to 10 ms -comparable to controller area network (CAN) communication -the overshooting rises by 0.7°CA and an increased energy consumption of 5.8 J is required. Furthermore, the phasing time to reach a control deviation of less than 2°CA (i.e., a control target bandwidth of 2°CA) is increased by 24 ms. The increased electrical energy consumption originates from increased electrical losses as well as a higher mechanical energy demand. The electrical losses increase, because of a slight difference, but with respect to the electrical losses disadvantageous current flow (losses 3I 2 ). The higher mechanical energy demand is caused by a disadvantageous rotor velocity control: after the occurrence of the rotor velocity peak around 1.55 s (maximum absolute velocity), the absolute velocity reduction is smaller compared to the velocity curve without communication delay (see Figure 3b ). This leads to higher friction losses in the transmission caused by the higher difference velocity between the crankshaft and camshaft. In addition, no recuperation is performed in the case of a 10 ms communication delay, while without communication delay the electric motor is recuperating for a short time after 1.55 s (see Figure 3c) .
Regarding the negative phasing event, similar behavior can be observed to that of the positive phasing event (increased overshooting, energy consumption, phasing time, see Table 1 ). Without communication delay, the overshooting is less than 2°CA. Therefore, the phasing time to reach the control target bandwidth of 2°CA is massively reduced by more than 200 ms compared to the other phasing times in Table 1 .
Influence of camshaft trigger wheels and sensor type
In the following the influence of the different camshaft trigger wheels on the control performance and energy consumption, respectively, will be analyzed. The results are compared with the sensor fusion approach, which uses the resolver signal as additional information in order to increase the resolution of the measured phasing signal.
The simulation is performed for the case of a central controller architecture, that is, without communication delays. Figure 4 shows the control performance, velocity profile, and energy consumption for camshaft trigger wheels with three, four and six teeth and the simulation results of the sensor fusion approach using a three teeth trigger wheel. Regarding the positive phasing event at the given crankshaft speed of 1000 rpm, increasing the number of trigger teeth reduces the overshooting by 0.24°CA (0.79°CA) in the case of the four (six) teeth trigger wheel. The sensor fusion approach reduces the overshooting by 0.81°CA. While the maximum phasing speed does not vary significantly, the total phasing duration highly depends on the control target bandwidth. The phasing duration related to a control target bandwidth of 62°CA is reduced by up to 204 ms by the sensor fusion approach, compared to the three teeth camshaft trigger wheel (Figure 4a ). The six teeth trigger wheel generates similar improvements (205 ms reduction). The reason for the reduction is that the phasing angle stays within the target bandwidth through the reduced overshooting. Furthermore, a strong influence on the energy consumption is evident.
Increasing the number of teeth decreases the energy consumption by up to 27.2 J (a 42.7% reduction) for the six teeth trigger wheel, as well as for the sensor fusion approach compared to the three teeth trigger wheel. The energy savings are performed between 1.532 s and 1.554 s (Figure 4c ). They are caused by the faster reaction of the controller in changing the electric motor velocity (Figure 4b ) due to the more frequent angle updates. In the case of the six teeth trigger wheel, and in the case of the sensor fusion set-up, the absolute velocity is reduced by around 1.532 s, while in the case of the three teeth trigger wheel set-up the absolute velocity is increased until 1.554 s. In the latter case, the combination of a higher counter torque due to the increasing velocity dependent friction and a higher absolute velocity value induces a considerably higher power demand during the analyzed period of 22 ms, resulting in a significantly higher (holding) current flow. The increasing electrical losses due to the higher current flow turn out to be the main contribution to the increased electrical energy consumption in the case of the three teeth trigger wheel. Regarding the negative phasing event and comparing the different trigger wheel and sensor set-ups, similar effects can be observed to that of the positive phasing event concerning overshooting and electrical energy consumption. As the overshooting is already lower than 2°CA for the three teeth trigger wheel set-up, there are no further phasing duration improvements.
The previously analyzed phasing events were performed at idle speed. In the following investigation, phasing events have been performed at different stable crankshaft speeds. Overshoot and phasing duration of the positive phasing event have been extracted and depicted in Figure 5 . The overshoot decreases with increasing crankshaft speed especially for the three and four teeth trigger wheel set-up. The reason for this is that, as the crankshaft speed increases, the angle updates become more frequent and hence, the controller performs more accurately. At a certain crankshaft speed the overshoot drops below the target bandwidth of 62°CA. As a result, the phasing duration decreases significantly for the three and four teeth trigger wheel set-up. As soon as the overshoot is less than 62°CA, the influence of the crankshaft speed on the phasing duration is neglectable. Furthermore, it can be observed that, as the crankshaft speed increases, the results of the three and four teeth trigger wheel set-up converge to the results of the six teeth trigger wheel set-up and sensor fusion approach, respectively.
Conclusion
This research investigates the effects of central and distributed controller architectures, as well as the influence of different camshaft trigger wheels and sensor concepts, on the control performance and energy consumption of an electric cam phaser. In the case of distributed controller architectures, there are communication delays between the EMC unit and the ECU performing the camshaft/crankshaft synchronization. Simulation results show that a communication delay of 10 ms (comparable to CAN communication) increases the overshooting by 0.8-1.4°CA depending on the direction of the phasing event (advanced/retarded camshaft). Furthermore, phasing duration and energy consumption are increased.
Investigations of different trigger wheels show that, by increasing the number of teeth, the overshooting and required phasing time, as well as the energy consumption, are reduced considerably. Using the resolver of the rotor of the electric motor to increase the resolution of the phasing angle measured by a three teeth trigger wheel set-up achieved simulation results similar to a six teeth trigger wheel set-up without using the resolver signal. In both cases electrical energy savings of 42% are achieved during a phasing event, compared to the three teeth trigger wheel set-up without using the resolver signal.
Altogether it follows that an electric cam phaser design should employ an integrated controller layoutthat is, an architecture without any communication delay -as it improves the control quality. Furthermore, it is beneficial to use a resolver as an additional sensor or to use a trigger wheel set-up with six teeth or higher as the latter provides a comparably high control quality.
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